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The ability to identify food that is nutrient-rich and
avoid toxic substances is essential for an animal’s sur-
vival. Although olfaction and vision contribute to food
detection, the gustatory system acts as a final check-
point control for food acceptance or rejection behav-
ior. Recent studies with model organisms such as mice
and Drosophila have identified candidate taste recep-
tors and examined the logic of taste coding in the
periphery. Despite differences in terms of gustatory
anatomy and taste-receptor families, these gustatory
systems share a basic organization that is different
from other sensory systems. This review will summa-
rize our current understanding of taste recognition in
mammals and Drosophila, highlighting similarities
and raising several as yet unanswered questions.
Introduction
The sense of taste in humans is primarily used to en-
hance the hedonistic enjoyment of food, evoking the bit-
ter taste of coffee in the morning or perhaps the salty
taste of french fries at lunch. For animals in the wild,
whose food searches are not limited to refrigerators,
grocery stores, and restaurants, the sense of taste also
serves the essential function of distinguishing nutrient-
rich food sources from toxins. The gustatory system en-
dows animals with the ability to detect contact-chemical
cues, distinguish the palatable from the unpalatable,
and elicit taste acceptance or avoidance behaviors.
Whereas vision and olfaction participate in long-range
recognition of a potential food source, the gustatory
system mediates short-range detection and is the final
arbiter of food acceptance or rejection behavior. Per-
haps because it is associated with just a few behavioral
outputs, the sense of taste is categorized into just a few
different modalities. In humans, taste is categorized into
five modalities: sweet, bitter, salty, sour, and umami (the
taste of glutamate or amino acids). In general, sweet,
umami, and low-salt tastes elicit food acceptance be-
havior, whereas bitter, sour, and high-salt tastes elicit
avoidance. Although discrimination has not been exten-
sively studied, it is thought that mammals are not able to
distinguish different chemical cues within a modality
(Breslin et al., 1996; Spector and Kopka, 2002). Thus, un-
like the olfactory system, which can distinguish thou-
sands of different scents, the gustatory system distin-
guishes just a few taste categories associated with
specific behaviors.
Although relatively simple in terms of discrimination,
gustatory systems are highly evolved to detect both
*Correspondence: kscott@berkeley.eduthe palatable and the unpalatable. At one extreme, taste
cells detect sugars and amino acids at very high con-
centrations (100 millimolar), allowing animals to detect
only the most-caloric foodstuffs instead of food with lit-
tle nutritional value. At the other extreme, taste cells can
also detect minute amounts of noxious substances or
toxins, compounds that are harmful at very low concen-
trations. Thus, the taste-cell population has a broad op-
erating range in terms of the nature of the chemical stim-
ulus and the concentration range over which detection
occurs.
How does the gustatory system accomplish the task
of distinguishing the palatable from the unpalatable
and evoking acceptance or avoidance behaviors? The
recent identification of taste receptors in mammals
and flies provides molecular probes for examining taste
detection in the periphery. The picture that is emerging
is that sensory cells recognize different taste modalities,
such that the perception of bitter versus sweet results
from the activation of bitter versus sugar cells on the
tongue (Figure 1). Moreover, activation of these different
cell types is sufficient to generate specific behavioral
programs. This review will focus on the molecular mech-
anisms of taste recognition in mammals and flies as a
platform to discuss how taste information is encoded
in the periphery.
Organization of the Mammalian Gustatory System
Taste in mammals begins on the tongue, where epithelial-
derived taste cells detect chemical cues (Travers et al.,
1987; Lindemann, 1996; Smith and Margolskee, 2001).
Groups of approximately 50 to 100 taste cells are orga-
nized into taste buds located in papillae. Taste cells ex-
tend apical microvillar processes into a taste pore cavity
for the detection of chemicals. Three different morpho-
logical structures of taste-detecting papillae are topo-
graphically arranged on the tongue. Fungiform papillae
decorate the anterior two-thirds of the tongue, foliate
are on the lateral edges, and circumvallate are found on
the posterior two-thirds.
Mammalian taste cells are not neurons and do not
send axonal projections to the brain. Instead, they gen-
erate action potentials and release neurotransmitter in
response to taste cues, and this activity is transmitted
to neurons that innervate taste buds. Each primary gus-
tatory fiber contacts multiple taste cells, both within
a taste bud and from different taste buds. Sensory fibers
from three nerves innervate the tongue in a defined to-
pography. Fibers from the chorda tympani (cranial nerve
VII) innervate fungiform papillae at the anterior tongue,
and the greater superficial petrosal branch (cranial nerve
VII) at the palate. Sensory fibers from the glossophar-
yngeal (cranial nerve IX) contact foliate and circumval-
late papillae. Those from the superior laryngeal branch
(cranial nerve X) innervate the epiglottis and larynx.
The three nerves relay taste information to the solitary
tract nucleus of the medulla in a topographical manner.
The chorda tympani projections are rostral to glosso-
pharyngeal fibers, which are rostral to the superior laryn-
geal fibers. From the solitary tract nucleus, gustatory
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tory areas of the cortex.
Taste cells regenerate approximately every 10 days.
Whether cell regeneration is controlled to ensure equal
representations of taste qualities over time or dynami-
cally regulated based on dietary needs is an interesting
unexplored question. Equally interesting are the mecha-
nisms that dictate nerve synapse retraction and forma-
tion in a continually changing environment.
Appreciating the Sweet
Although tastes have been perceptually classified into
a few different modalities since the time of Aristotle, the
biological underpinnings of this categorization have only
recently been elucidated with the discovery of mamma-
lian taste receptors. Three key ingredients were crucial
to the identification of taste receptors: first, the expecta-
tion that taste receptors would be G protein-coupled re-
ceptors similar to olfactory and visual receptors; second,
the availability of mammalian genomic sequence; and
third, the chromosome map locations associated with
behavioral taste defects.
The first family of taste receptors identified, the T1R
family, contains three genes (Hoon et al., 1999; Bachma-
nov et al., 2001; Kitagawa et al., 2001; Max et al., 2001;
Montmayeur et al., 2001; Nelson et al., 2001; Sainz
et al., 2001). These receptors were identified by the iso-
lation of candidate seven transmembrane-domain re-
ceptors from taste tissue and through the identification
of novel G protein-coupled receptors in genomic inter-
vals associated with taste-perception defects. The
T1R receptors belong to the type-C family of GPCRs
and are most closely related to the Ca2+-sensing recep-
tor, the V2R family of pheromone receptors and the me-
tabotropic glutamate receptors. This family is easily dis-
tinguished by the presence of a long extracellular amino
terminus thought to participate in ligand binding. Evi-
dence is accumulating that this family of receptors func-
tions as homo- and heterodimers to detect ligands (Pin
et al., 2005). Strong support comes from studies of taste
detection, where T1R2 and T1R3 function together to
detect sugars and T1R1 and T1R3 detect amino acids.
Compelling evidence demonstrates that T1R2 plus
T1R3 detect all natural sugars and artificial sweeteners
tested. Mice lacking either T1R2 or T1R3 detect sugars
at a very high concentration (Damak et al., 2003; Zhao
Figure 1. Taste Cells Recognize Different Taste Modalities
The schematic shows the taste receptors that are expressed in
sweet, bitter, and amino-acid cells in mammals and flies.et al., 2003). Mice lacking both T1R2 and T1R3 fail to rec-
ognize sugars, arguing that these two receptors are
solely responsible for sugar detection (Zhao et al.,
2003). In heterologous cells, coexpression of T1R2 and
T1R3 leads to calcium increases in response to sugars
(Nelson et al., 2001; Li et al., 2002). Activation occurs
at biologically relevant concentrations, millimolar con-
centrations for natural sugars such as sucrose and mi-
cromolar concentrations for some artificial sweeteners.
Interestingly, T1R3 alone also recognizes high concen-
trations of sugars in heterologous cells and mediates
the residual behavioral response to sugars in the T1R2
knockout mice (Zhao et al., 2003). This argues that
T1R3 can act as a low-affinity sugar receptor, although
the biological relevance in normal mice is uncertain.
A remarkable observation is that different taste pre-
ferences of different species may be accounted for by
the sequence variation in taste-receptor genes they
express. For example, humans detect aspartame, also
known as NutraSweet, as a sweet compound, but
mice do not. However, replacing the mouse T1R2 gene
with the human T1R2 completely humanizes mouse
taste to NutraSweet, arguing that taste preference is di-
rectly linked to detection (Zhao et al., 2003). Another tan-
talizing study provides a plausible explanation for why
cats do not eat sweet food (Li et al., 2005). Domestic
and wild cats lack a functional T1R2 receptor due to a mi-
crodeletion in the coding sequence of the T1R2 gene
that results in a premature stop codon, suggesting that
the absence of T1R2 causes the absence of sweet-taste
preference in these animals. This begs the questions:
would blockers to T1R2 block sweet-taste detection in
humans? Would this be effective as an appetite sup-
pressant? Do differences in individual human sugar
preferences result from polymorphisms in T1R genes?
How can one receptor dimer recognize such a broad
range of chemical compounds? Differences in T1R li-
gand selectivity in different species provide an elegant
approach to begin to dissect receptor domains involved
in ligand binding. As mentioned above, the human T1R2/
T1R3 receptor binds to artificial sweeteners that the rat/
mouse T1R2/T1R3 receptor does not recognize. A se-
ries of experiments exchanging extracellular domains
of the human and rodent T1R2/T1R3 receptors begins
to define the ligand binding domains of T1Rs and their
interactions with G proteins (Xu et al., 2004, Jiang et al.,
2004, 2005a, 2005b). These studies demonstrate that
the T1R2 extracellular amino-terminal domain binds
most sugars, the T1R3 transmembrane carboxyl-terminal
domain binds some artificial sweeteners, and the T1R2
transmembrane carboxyl-terminal domain binds G pro-
tein. Consistent with these observations, mice engi-
neered to express the human T1R2 instead of mouse
T1R2 now detect many, but not all, sweeteners that hu-
mans detect (Zhao et al., 2003). Thus, different regions
of T1Rs mediate taste detection, and both T1R2 and
T1R3 participate in ligand recognition.
In a series of beautiful experiments paralleling those
on T1R2/T1R3, Zuker, Ryba, and colleagues defined
the T1R1/T1R3 multimer as the umami receptor in hu-
mans. The taste of umami is the savory flavor of food,
the detection of glutamate. Although often referred to
as the fifth taste, akin to the third wheel, the best valida-
tion of this modality is that there are receptors on the
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457tongue that detect it. T1R1/T1R3 together act as an
amino-acid sensor as determined by cell-based assays
of receptor function (Li et al., 2002; Nelson et al., 2002).
Moreover, mice lacking either T1R1 or T1R3 do not
detect glutamate in short-term taste preference tests
(Zhao et al., 2003). A different study of T1R3 knockout
mice reports a diminution rather than elimination of the
glutamate response (Damak et al., 2003), but the biolog-
ical relevance remains controversial. The mouse ortho-
logs of T1R1/T1R3 sense many L amino acids with sim-
ilar affinity, whereas the human T1R1/T1R3 receptor has
a 10-fold higher affinity for glutamate than other amino
acids (Li et al., 2002; Nelson et al., 2002). Because foods
that contain one amino acid likely contain many, in-
creasing the affinity for any amino acid will enhance de-
tection of all.
Avoiding the Bitter
The second family of taste receptors that has been iden-
tified in mammals is the T2R family of receptors, not re-
lated to the T1R genes. T2Rs were identified by genomic
database searches for GPCRs located in genomic inter-
vals associated with bitter-taste defects, and subse-
quent genomic homology searches identified additional
members (Adler et al., 2000; Matsunami et al., 2000).
There are 25 T2R genes in humans and 35 in mouse
and rat (Go et al., 2005). Only three T2Rs have been iden-
tified in the chicken genome (Hillier et al., 2004). T2Rs
have a short extracellular amino-terminal domain and
are distantly related to mammalian V1R pheromone re-
ceptors and opsin receptors. Most T2R genes are clus-
tered into large linked arrays, suggesting rapid expan-
sion of this family.
T2Rs function as bitter receptors, with different T2Rs
selectively recognizing different bitter compounds. Re-
ceptor activation assays in heterologous cells have
identified a number of candidate ligands for different
T2R receptors; for example, mT2R5 recognizes cyclo-
heximide (Chandrashekar et al., 2000), hT2R16 binds
B-glucopyranosides (Bufe et al., 2002), and hT2R14 de-
tects picrotoxinin (Behrens et al., 2004). In addition,
mapping loci involved in bitter-taste perception in hu-
mans has led to the identification of phenythiocarba-
mide as a candidate ligand for hT2R38 (Kim et al.,
2003b). As a demonstration of the exquisite selectivity
of T2Rs in vivo, mice lacking the mT2R5 receptor are un-
able to detect cycloheximide but still avoid other bitter
compounds (Mueller et al., 2005). As further validation,
mice were engineered to misexpress human T2Rs in bit-
ter cells. When human hT2R38 is expressed in mouse
bitter cells, these mice avoid the cognate ligand pheny-
thiocarbamide (Mueller et al., 2005). These studies high-
light that T2R receptors, unlike T1Rs, are tuned to a few
ligands.
How many different bitter cells are there on the mam-
malian tongue? Expression studies demonstrate that
multiple T2Rs are expressed in a single taste cell, sug-
gesting that bitter cells recognize multiple compounds
(Adler et al., 2000). However, monitoring the responses
of individual taste cells to bitter ligands argues that a sin-
gle cell can respond with exquisite sensitivity to only one
bitter substance (Caicedo and Roper, 2001). A clever ge-
netic experiment begins to resolve the controversy of li-
gand diversity of bitter cells (Mueller et al., 2005). Micelacking PLCB2 expressed in taste cells do not detect bit-
ter compounds (Zhang et al., 2003, see signaling mech-
anisms below). If one or a few T2Rs are expressed per
cell, then replacing PLC into these mutant mice under
the control of an individual T2R promoter should rescue
the response to only a few bitter compounds. Alterna-
tively, if multiple receptors are expressed per cell, then
PLC expressed under a single T2R promoter should res-
cue responses to all bitter substances. Indeed, when
PLCB2 is expressed under the control of any of three
single T2R promoters, these mice now recognize all bit-
ter compounds tested (Mueller et al., 2005). This demon-
strates that multiple bitter receptors are expressed per
cell. Unlike sugar-sensing cells, where a large number
of compounds are detected by virtue of one low-affinity
receptor, bitter cells sense a large number of bitter cues
by having many high-affinity receptors expressed in
a single cell.
Organization of Taste Receptors on the Tongue
The expression patterns of T1Rs and T2Rs on the tongue
demonstrate that taste cells are categorized into sugar-,
amino acid-, and bitter-sensing cells. The sugar sensor
T1R2/T1R3 marks one cell type, the amino-acid sensor
T1R1/T1R3 marks a second cell type, and the T2Rs
mark a third (Figure 1). There is no coexpression of
T1R1, T1R2, and T2Rs and thus no cell that detects sug-
ars, amino acids, and bitter compounds (Hoon et al.,
1999; Adler et al., 2000; Nelson et al., 2001).
Is there a topographic map of taste on the tongue? A
common conception is that different parts of the human
tongue detect different tastes. ‘‘The tongue is a kingdom
divided into principalities according to sensory talent"
(Ackerman, 1991), and textbooks suggest that, in hu-
mans, sweet is detected at the tip, sourness on the
sides, bitter on the back of the tongue. This view has
been re-examined by modern researchers, leading to
the conclusion that ‘‘at present we have no evidence
that any kind of spatial segregation of sensitivities con-
tributes to the neural representation of taste quality, al-
though there are some slight differences in sensitivity
across the tongue and palate, especially in rodents’’
(Smith and Margolskee, 2001).
The notion of tongue maps is worth consideration in
the context of the topography of taste-receptor expres-
sion patterns on the tongue. Immunohistochemistry
with antibodies against receptor proteins as well as in
situ hybridization to detect receptor transcripts were
used to determine sites of receptor expression in mice
(Hoon et al., 1999; Adler et al., 2000; Nelson et al.,
2001) (Figure 2). In mice, the T1R1 receptor that uniquely
defines amino acid-sensing cells is primarily expressed
in fungiform papillae at the front of the tongue, with ad-
ditional expression in the palate. The T1R2 receptor that
identifies sugar-sensing cells is expressed in foliate, cir-
cumvallate, and palate. A recent study suggests that
T1R2 may also be expressed in fungiform papillae
(Kim et al., 2003a). T2R receptors that detect bitter com-
pounds are found in foliate, circumvallate, and palate.
The differential expression of different taste receptors
argues that there is a topographic map of taste sensitiv-
ity on the tongue. However, the tongue is clearly not seg-
regated into different regions that exclusively recognize
different tastes.
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The influx of molecular biology into problems of taste
detection has also advanced our understanding of the
signal-transduction cascades downstream of sweet and
bitter receptor activation. The first signaling molecule to
be identified was gustducin, a Galpha protein subunit
expressed preferentially on the tongue (McLaughlin
et al., 1992). Gustducin shows partially overlapping ex-
pression with T1Rs and T2Rs in taste cells (Hoon et al.,
1999). Mice lacking gustducin have reduced behavioral
and physiological responses to sugar, amino acid, and
bitter compounds, arguing that this is a critical trans-
ducer of signaling (Wong et al., 1996; Glendinning et al.,
2005). The residual response suggests that additional G
proteins may also be used to couple receptor activation
to depolarization.
Downstream of the G protein, sugar, amino acid, and
bitter detection requires the phospholipase2B enzyme
and TRPM5 cationic channel expressed selectively in
taste cells (Rossler et al., 1998; Asano-Miyoshi et al.,
2000; Miyoshi et al., 2001; Perez et al., 2002; Zhang
et al., 2003). The PLC/TRP signaling cascade also medi-
ates sensory transduction in Drosophila photoreceptors
and mammalian pheromone-sensing cells (Clapham,
2003). Animals lacking PLC2B or TRPM5 fail to detect
sugars, amino acids, or bitter compounds, but still
sense salt and acidic substances (Zhang et al., 2003).
At high concentrations, mice lacking PLC show re-
sponses to some bitter compounds, demonstrating
that additional mechanisms can be employed for detec-
tion in these mutant mice (Dotson et al., 2005). Overall,
the signaling pathway that is emerging for sweet, bitter,
and umami taste is that seven transmembrane-domain
receptors activate a G protein, then PLC, leading to
the activation of the TRPM5 ion channel and cell depo-
larization. The mechanism of transduction from PLC to
TRPM5 is unclear.
Figure 2. Distribution of Taste Receptors and Papillae on the Mouse
Tongue
The locations of fungiform (blue), foliate (green), and circumvillate
(red) papillae are schematized. T1R1/T1R3 receptors are preferen-
tially expressed in fungiform papillae, whereas T1R2/T1R3 and
T2Rs are expressed in foliate and circumvallate papillae. Expres-
sion patterns are based on Hoon et al., 1999; Adler et al., 2000; Nel-
son et al., 2001. Additional expression of T1R2 in foliate papillae
has been recently suggested by Kim et al., 2003a.Models of Taste Coding
The observation that there are selective cells on the
tongue responding to a subset of taste cues has impor-
tant implications for how taste information is encoded in
the periphery. Three models have been proposed to de-
scribe how sensory information is processed in the pe-
riphery (Laurent, 1999; Smith and St John, 1999; Scott,
2004). In the labeled-line model, neurons respond to se-
lective cues in the periphery, and this information re-
mains segregated in the brain. The brain then knows
what the animal is sensing by ‘‘reading’’ which cells
have been activated. The second model is the mixed-
lines model. In this model, neurons respond to multiple
stimuli with different levels of activity. The brain must
thus compare relative activity across a neural population
to determine what the animal is sensing. In the third
model, the precise firing pattern of action potentials
conveys information about the nature of sensory stimuli.
The observation that cells selectively respond to differ-
ent taste modalities demonstrates that taste information
is segregated in the periphery and is most consistent
with a labeled-line model of taste coding.
To determine if the activation of different sensory cells
in the periphery is hard wired to behavioral programs,
mice were generated in which an artificial seven-trans-
membrane receptor was expressed in different taste-
cell populations. A receptor activated solely by a syn-
thetic ligand (RASSL), derived from human k opioid
receptors, is activated by spiradoline (Coward et al.,
1998), a compound not detected by wild-type mice.
Mice that express the RASSL in T1R2 cells are now at-
tracted to spiradoline, whereas mice that express the
RASSL in T2R cells avoid it (Zhao et al., 2003; Mueller
et al., 2005). Moreover, misexpression of a bitter recep-
tor in sugar taste cells generates mice that are attracted
to the bitter compound (Mueller et al., 2005). Thus, the
activation of different cell types on the tongue is suffi-
cient to drive taste behaviors. This argues that in the
mammalian taste system cells are dedicated to detect-
ing a specific taste modality and are hard wired to spe-
cific behaviors, suggesting that there are labeled lines
of taste information from the peripheral detection to
behavior.
Transmitting Taste-Cell Activation to the Brain
How is taste information processed beyond peripheral
cells? Directly determining the connectivity of nerves to
taste cells has been a very difficult problem to address,
not the least because mammalian taste cells derive
from the neural epithelium and do not have neural pro-
cesses. Gustatory information is carried by three nerves,
and although the projections of these nerves is well de-
scribed (Hamilton and Norgren, 1984) and significant in-
roads have been made into mapping taste-responsive
regions in the solitary tract nucleus (e.g., Hayama et al.,
1985; Travers and Norgren, 1991), an understanding of
the detailed architecture of gustatory maps in the first
relay awaits the necessary but extremely difficult task
of simultaneously labeling single neurons from central
ganglia that arborize in the tongue as well as peripheral
taste cells bearing specific receptors.
As an alternative approach to determine whether gus-
tatory information remains segregated or mixes at the
level of second-order cells, Sugita and Shiba expressed
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T1R3 or T2R cells and examined the patterns of WGA la-
beling at higher gustatory regions in the brain (Sugita
and Shiba, 2005). They concluded that neurons that
synapse on T1R cells project to more-rostral regions
of the solitary tract nucleus and those that synapse on
T2Rs label more-caudal regions. Although this labeling
suggests segregation of projections possibly by taste
modality, outstanding questions remain. Is the segrega-
tion seen the result that T1R cells, and not T2Rs, are
found in fungiform cells? The chorda tympani nerve in-
nervates fungiform papillae and sends projections to
the most-rostral area of the solitary tract nucleus. The
different labeling patterns could result from different
nerves innervating the two taste-cell populations. Is
there segregation of sugar and bitter projections from
a single nerve? In addition, does differential labeling of
sweet and bitter projections from the same animal re-
veal segregation? Finally, a transneuronal label that al-
lows the identification of processes as well as cell bod-
ies will be necessary to identify differences in sweet and
bitter circuits.
Peripheral Organization of the Drosophila
Taste System
The fruit fly Drosophila melanogaster tastes many of the
same stimuli as mammals, including sugars, salts,
acids, alcohols, and noxious chemicals (Dethier, 1976),
and provides an excellent model system for compara-
tive studies of taste perception. Taste in Drosophila is
mediated by sensory neurons on the proboscis, internal
mouthpart organs, legs, wings, and ovipositor (Stocker,
1994). The sensory structures for taste are chemosen-
sory bristles. Most bristles are innervated by two to
four gustatory neurons and a single mechanosensory
neuron (Falk et al., 1976). Gustatory dendrites extend
into the bristle shaft where they are exposed to the envi-
ronment for the detection of taste stimuli. The sensory
axons project to the brain. Proboscis, mouthpart, and
some leg neurons project to the subesophageal gan-
glion (SOG), whereas those on the wings and some on
the legs project to peripheral ganglia (Stocker and
Schorderet, 1981; Rajashekhar and Singh, 1994). Thus,
unlike the mammalian taste system, taste information
is directly relayed to the brain in the fly. The relative sim-
plicity of the fly brain and behaviors, along with the mo-
lecular, genetic, and functional approaches available in
Drosophila, allow the examination of gustatory neural
circuits from sensory input to motor output.
Taste-Receptor Genes in Drosophila
As with the mammalian taste system, the recent identi-
fication of Drosophila taste receptors has greatly en-
hanced our understanding of taste recognition. Geno-
mic database searches for novel hydrophobic proteins
identified a family of 68 candidate gustatory receptors
(GRs) (Clyne et al., 2000; Dunipace et al., 2001; Scott
et al., 2001; Robertson et al., 2003). These genes encode
putative seven transmembrane-domain proteins of
about 480 amino acids. Almost half of the GR genes re-
side as individual sequences distributed throughout
each of the Drosophila chromosomes, whereas the re-
maining genes are linked in the genome in small tandem
arrays of two to five genes. The family is extremely diver-gent, with an overall sequence identity ranging from
8%–50%. However, all genes share significant se-
quence similarity within a 33 amino signature motif in
the putative seventh-transmembrane domain in the car-
boxyl terminus. Interestingly, this motif is also found in
the Drosophila odorant receptors, suggesting that the
two chemosensory families may have arisen from a com-
mon ancestoral gene. GRs show no sequence similarity
to the mammalian T1R or T2R taste receptors, nor do
they show similarity to C. elegans chemoreceptors.
The identification of taste receptors has provided mo-
lecular markers to determine the ligand specificity of dif-
ferent taste neurons. The taste receptor Gr5a is ex-
pressed in approximately one-fourth to one-half of all
proboscis neurons, as determined by Gr5a promoter-
Gal4/UAS-GFP transgenic reporters (Chyb et al., 2003;
Thorne et al., 2004; Wang et al., 2004). A number of lines
of evidence argue that these taste cells recognize sug-
ars. First, a Drosophila mutant that cannot detect the
sugar trehalose has a defect in the Gr5a receptor gene
(Dahanukar et al., 2001; Ueno et al., 2001). Second, ex-
pression of Gr5a in heterologous cells confers a cellular
response to trehalose (Chyb et al., 2003). Third, genetic
ablation of Gr5a cells results in behavioral taste defects
to trehalose as well as to sucrose and glucose (Wang
et al., 2004). These experiments argue that the Gr5a
receptor selectively recognizes trehalose. In addition,
cells that contain Gr5a recognize many sugars and
may thus express additional receptors.
A second population of cells that can be defined
based on expression of the Gr66a receptor recognizes
bitter compounds (Thorne et al., 2004; Wang et al.,
2004). The Gr66a receptor is expressed in approximately
one-fourth of the cells in the proboscis, in cells that do
not contain the Gr5a receptor, determined by expres-
sion of transgenic reporters. Genetic cell ablation of
Gr66a-containing cells results in behavioral taste de-
fects to bitter compounds but not to sugars, arguing
that Gr66a-bearing cells recognize bitter cues. Interest-
ingly, multiple GR receptors are coexpressed in subsets
of Gr66a cells, by double labeling experiments using GR
promoters to drive expression of different reporters and
by cell-counting experiments. These GRs all show par-
tially overlapping expression patterns, but are all con-
fined to Gr66a-bearing cells. One interpretation of these
results is that there are multiple different bitter-sensing
cells in Drosophila. This may provide a mechanism to al-
low a fly to discriminate different bitter cues by the acti-
vation of different subpopulations of Gr66a-containing
cells. However, a serious caveat with these experiments
is that detecting receptor expression has relied on trans-
genic approaches using taste-receptor promoters to
detect reporters because transcripts are too rare to be
directly detected by in situ hybridization. It remains pos-
sible that transgenic expression patterns do not recapit-
ulate endogenous gene-expression patterns.
The observation that there is one population of cells in
the fly that is necessary for sugar detection and another
that is required for bitter detection is striking in its re-
semblance to the organization of gustatory cells in
mammals. In both flies and mammals, different cells rec-
ognize different taste modalities, such that sweet and
bitter perception results from the activation of sweet
and bitter cells in the periphery. Thus, although insects
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years of evolution, they maintained similar solutions to
the problem of how to distinguish the palatable from
the unpalatable.
A Map of Taste Modalities and a Map of Taste
Organs in the Drosophila Brain
The Drosophila gustatory system provides the opportu-
nity to examine how different tastes are mapped in the
first relay in the brain by following the axonal projections
of taste neurons. In other sensory systems, the patterns
of sensory projections provide an internal representa-
tion of the external world (reviewed in Udin and Fawcett,
1988). For example, in the visual system of mammals,
neurons that are neighbors in the periphery synapse at
neighboring locations in the brain to create topographic
maps of the retina in the brain. This system provides in-
formation not only about the quality of a sensory stimu-
lus but also its relative position. Another scenario is seen
in the mammalian olfactory system. Neurons with the
same odorant receptor are randomly distributed in four
zones in the nasal epithelium (Buck and Axel, 1991;
Ngai et al., 1993; Ressler et al., 1993; Vassar et al.,
1993), but they send axons that converge onto discrete
loci in the first relay, providing a spatial map of receptor
activity in the brain (Ressler et al., 1994; Vassar et al.,
1994; Mombaerts et al., 1996). Thus, the olfactory sys-
tem maps the quality of an odor rather than its peripheral
position. Similar to mammals, the visual map is retino-
topic and the olfactory map is receptor-topic in Dro-
sophila (Kunes and Steller, 1993; Gao et al., 2000; Vos-
shall et al., 2000).
The adult Drosophila brain contains approximately
100,000 neurons, with cell bodies in an outer shell sur-
rounding a fibrous core. The subesophageal ganglion
(SOG), the ventralmost region of the fly brain, receives
gustatory projections (Stocker and Schorderet, 1981;
Rajashekhar and Singh, 1994). Drosophila gustatory
neurons are located in many peripheral tissues and ex-
press different subsets of gustatory receptors, suggest-
ing that projections might be segregated according to
peripheral position or taste quality. To determine if there
is a map of taste location, the projections of single neu-
rons from different peripheral tissues (Wang et al., 2004)
as well as single nerves (Stocker and Schorderet, 1981;
Rajashekhar and Singh, 1994) were visualized. These
experiments demonstrate that there is a map of different
taste organs in the SOG, with mouthpart neurons more
anterior to proboscis neurons, which are anterior to leg
projections. Projections are segregated by organ even
if the neurons all contain the same GR receptor (Wang
et al., 2004). Projections within a taste organ, however,
are also segregated by taste quality. Proboscis neurons
with the Gr5a receptor that mediate sugar detection pro-
ject to a different area than those that contain Gr66a and
mediate detection of bitter compounds (Thorne et al.,
2004; Wang et al., 2004). Thus, both the position and
the quality of a taste stimulus are represented in the fly
brain.
The fly gustatory map contains elements of the retino-
topic map of the visual system and the odotopic map of
the olfactory system in their simplest forms. The map of
different taste organs provides positional information
about a taste stimulus. This implies that ‘‘where’’ thefly is tasting is relevant for its behavioral response. For
example, activation of proboscis neurons may elicit pro-
boscis extension toward a food source, and activation
of mouthpart neurons may elicit ingestion. The map
of different taste qualities provides a mechanism that
could enable the fly to distinguish ‘‘what’’ it is tasting
by the activation of different brain regions. A spatial
map of taste quality resembles the olfactory map; how-
ever, tastes are segregated into only a few taste catego-
ries. These studies lead to interesting questions about
how the fly integrates where and what it tastes. For ex-
ample, if the fly tastes banana on the leg or banana on
the mouth, does it still know it is banana? Future studies
may begin to examine how taste information is pro-
cessed higher in the brain.
Is the mammalian taste map likely to resemble that in
fruit flies? The topographic map of of different nerves on
the tongue is reminiscent of the positional map in flies.
Whether there is clear segregation of projections by
taste modality awaits high-resolution mapping studies.
However, the conservation of basic principles of visual
and olfactory sensory maps in mammals andDrosophila
suggests that features of fly gustatory maps will be also
be maintained.
Lingering Lingual Questions
How Are Salt and Sour Tastes Detected
in Mammals and Flies?
Our understanding of sweet and bitter taste perception
in both mammals and flies has been revolutionized by
the recent molecular identification of taste receptors. Al-
though intriguing candidates have been suggested to
mediate salt and sour taste detection, the receptors
for these taste modalities have not been clearly estab-
lished.
Ion channels have long been proposed to mediate de-
tection of salts and sour compounds based on electro-
physiological studies and pharmacological manipula-
tions of taste-cell responses (reviewed in Lindemann,
1996; Boughter and Gilbertson, 1999; Smith and Margol-
skee, 2001). However, whether ion channels directly de-
tect these tastes or participate in downstream signal
transduction has not been unambiguously addressed.
Nevertheless, the observation that absence of gustdu-
cin, PLC, or TRPM5 dramatically affects bitter, sweet,
and amino acid taste without altering salt or sour per-
ception demonstrates that signal transduction compo-
nents are not shared among all five modalities (Wong
et al., 1996; Zhang et al., 2003) and suggests that salt
and sour may not be mediated by G protein-dependent
signaling mechanisms.
The prominent mechanism proposed for salt-taste
detection is activation of amiloride-sensitive sodium
channels (Heck et al., 1984). Amiloride is a potassium-
sparing diuretic that inhibits sodium channels and trans-
porters (Kleyman et al., 1999). Amiloride reduces gusta-
tory nerve responses to salts and alters behavioral salt
detection in many organisms (reviewed in Lindemann,
1996). Epithelial sodium channels (ENaCs)/degenerins
(Deg) are amiloride sensitive and are expressed in taste
tissue, suggesting that they participate in salt detection
(Kretz et al., 1999). However, specific molecules have
not been identified whose lesions alter salt detection.
In addition, amiloride-insensitive components of salt
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channel VR1 has been proposed to mediate this element
of the salt response, as mice lacking VR1 show altered
nerve responses to salts (Lyall et al., 2004, 2005). Deter-
mining whether the physiological nerve defect is spe-
cific and whether taste behaviors are selectively altered
in VR1 mutants will substantiate the role of this channel
in salt taste.
Based on the proposed function of ENaC/degenerins
in mammalian salt taste, degenerins were examined for
their role in salt detection in Drosophila (Liu et al., 2003).
There are approximately 25 degenerin family members
in Drosophila, two of which are expressed in larval taste
tissue by in situ hybridization and expression of trans-
genic reporters (Liu et al., 2003). Dominant-negative
forms of degenerins result in behavioral taste defects
to low salt and altered electrophysiological salt re-
sponses in larval taste tissue (Liu et al., 2003). As with
the mammalian studies, the role of degenerins in Dro-
sophila salt taste would be further corroborated by spe-
cific mutations that disrupt salt-taste detection.
The sense of sour is mediated by acids or protons that
permeate through cells and potentially influence ion
channel activity and exchangers extracellularly and intra-
cellularly (DeSimone et al., 2001). Perhaps because of the
reactive nature of the stimulus, a large number of molec-
ular mechanisms have been proposed to mediate sour
taste. Acid-sensing or proton channels that have been
suggested include an H-gated calcium channel (Miya-
moto et al., 1988), the inhibition of a potassium channel
(Kinnamon and Roper, 1988), an amiloride-sensitive so-
dium channel (Gilbertson et al., 1993), a chloride channel
(Miyamoto et al., 1998), an acid-sensing degenerin
(ASIC2) (Ugawa et al., 1998; Liu and Simon, 2001), and
a hyperpolarization-activated cyclic nucleotide-gated
channel (HCN) (Stevens et al., 2001). Despite physiolog-
ical and/or expression data for several of these candi-
dates, a resolution of their role in sour-taste transduction
will require behavioral and electrophysiological analysis
of animals lacking these channels specifically in taste
tissues. Indeed, recent analysis of mice lacking the
ASIC2 candidate sour receptor argues against a role
for this channel in sour-taste detection, as mutant ani-
mals show unaltered behavioral and electrophysiologi-
cal responses to sour compounds (Richter et al., 2004).
Are There Additional Taste Modalities?
An intriguing possibility is that additional taste modali-
ties exist for mammals and flies. Indeed, it is only recently
that the taste of umami has been regarded as a distinct
taste modality. First described by Ikeda in 1908 as the
taste of glutamate in dried kelp (Yamaguchi and Nino-
miya, 2000), this taste modality had gained credibility
with the identification of T1R1/T1R3 glutamate receptors
on the human tongue (Li et al., 2002; Nelson et al., 2002).
The validity, number, and nature of additional taste mo-
dalities is speculative, although the tastes of polysac-
charides, fat, and water have been proposed.
A sixth modality has been suggested in mammals to
mediate the detection of polysaccharides derived from
starch, such as polycose (Sclafani, 2004). Rats unlike
humans show strong attraction to polycose. In addition,
taste aversions to sucrose and polycose only weakly
cross generalize (Nissenbaum and Sclafani, 1987), sug-
gesting that these molecules are detected by differentreceptors. Molecular mechanisms for polycose detec-
tion remain to be identified.
Recent experiments suggest that mammals may also
sense the taste of fat (Gilbertson, 1998). Although texture
and olfactory cues may participate in fat detection, taste
cells themselves may detect free fatty acids. Application
of fatty acids to taste cells blocks delayed-rectifier po-
tassium channels, leading to prolonged depolarization
(Gilbertson et al., 1997). Moreover, fatty-acid transport-
ers have been detected in taste tissue (Fukuwatari
et al., 1997), although their function has not been eluci-
dated. It is tantalizing to speculate that detection of fat
by taste cells provides a mechanism to replenish energy
stores and regulate dietary fat intake.
InDrosophila, composite electrophysiological record-
ings of the four taste neurons underlying a single taste
bristle have led to the notion that one neuron recognizes
sugars, one recognize low salt, one recognizes high salt,
and one recognizes water (Dethier, 1976; Fujishiro et al.,
1984). More recent studies argue that the high-salt cell
also recognizes bitter compounds (Meunier et al.,
2003). The observation that a cell specifically generates
action potentials in response to water suggests that
there are dedicated mechanisms for water detection, al-
though specific molecules remain to be elucidated.
How Is Taste Detection Translated into
Taste Behaviors?
How activation of a gustatory neuron leads to taste ac-
ceptance or avoidance behaviors is a complex problem
that requires elucidating taste neural circuits. In mam-
mals, activation of T2R-bearing cells elicits avoidance
behavior, arguing that taste cells are hard wired to taste
behaviors (Mueller et al., 2005), but the underlying neural
circuitry has yet to be elucidated. Initial attempts using
the transneuronal tracer WGA to label higher-order taste
neurons provide an approach to begin to address this
problem (Sugita and Shiba, 2005). However, defining
the pathways that carry sugar versus bitter information
will require high-resolution anatomical and functional
studies and is a long-term goal for the field.
In Drosophila, the synaptic connectivity of taste sen-
sory projections is unknown. Recent studies have begun
to identify neurons required for feeding behaviors, al-
though their relationship to taste projections, their syn-
aptic connectivity, and the neural pathways they acti-
vate remain to be elucidated. Neurons that express the
neuropeptide hugin are located in the subesophageal
ganglion of the fly brain and are required to decrease
food uptake in the presence of a novel nutritional food
source (Melcher and Pankratz, 2005). Neurons that ex-
press the NPFR receptor are also located in the SOG
and are required for increased food uptake upon starva-
tion (Wu et al., 2003). In addition, the motor neurons that
drive proboscis extension and feeding are also found in
the SOG (Rajashekhar and Singh, 1994). The observa-
tion that taste neurons, neurons that modulate feeding
behavior, and motor neurons that mediate feeding all ar-
borize in the SOG suggests that some taste circuits may
be simple, with few connections between sensory input
and motor output.
Concluding Remarks
In the visual system, three receptors recognize different
wavelengths of light, and this information is transmitted
Neuron
462to the brain, where photon detection is processed into
forms, colors, and movement to create a visual scene.
In the olfactory system, a thousand receptor molecules
recognize subsets of chemical cues, such that an ani-
mal may perceive tens of thousands of different scents
by a combinatorial code of receptor activation. Unlike
these systems, the gustatory system compartmental-
izes approximately 50 receptors into just a few different
cell types, such that there are taste cells dedicated to
detecting sugars, amino acids, or bitter compounds.
Thus, the perception of a few taste modalities is ac-
counted for by virtue of a few different sensory-cell pop-
ulations. The simplicity of the solution in the periphery
for how an animal distinguishes the palatable from the
unpalatable suggests that this problem may also be
tractable higher in the brain.
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